This paper proposes a new impedance control algorithm based on a variable stiffness-matrix, for parallel-link manipulators without the measurement of the tip position. It assumes that only the link lengths and velocities as well as the contact force at the tip are measured, and that the motion range is small around an operating point so that the nonlinear dynamics can be linearized. One of the key ideas is to change the stiffness matrix of the impedance model in order to compensate dynamics model parameter errors.
Introduction
In many robotic tasks, robot manipulators interact with their environments. Excessive contact force between the manipulator and the environment should be prevented. One method to limit excessive force is the force control, which simply limits the magnitude of the external force. For more elaborated tasks such as one that requres force control in one direction and position control in another direction, hybrid POsitiodforce control has been proposed. For general interaction with the environment, more powerful impedance control is used.
Impedance control, proposed by Hogan [l] , adjusts the impedance of the manipulator, which is defined as Z(s) =
F ( s ) / V ( s ) where F ( s ) denotes force and V ( s ) denotes veloc-
ity in the Laplace transform; and is determined typically by an inertia, a damper, and a spring. The desired impedance of the manipulator depends on the task that the manipulator performs. Since the task is in general expressed in the world coordinates, the desired impedance characteristics should be also expressed in the world coordinates.
A 6-dof parallel-link manipulator in general consists of a fixed base, a moving plate and 6 links between them (See Fig. 1) . One end of a link is connected to the base and the other to the plate. The length of each link is controlled by an actuator. Characteristics of parallel-link manipulators are quite different from those of serial manipulators. Due to their parallel-link structures, they are very stiff and have large load capacity. Thus, they have been used as machine tools such as Figure 1 : The parallel-link manipulator used in this paper. underground excavation instrument [2] , milling machines [3] as well as positioning devices for radars. However, their small work space is a drawback.
From the control point of view, one of the most important characteristics different from serial link manipulators is that solving the forward kinematics is difficult. This means that it is difficult to compute the parallel link manipulator tip position by the measurement of link lengths. Since the tip position should be known in order to obtain a desirable characteristics of the manipulator impedance, this makes the implementaion of impedance control for parallel-link manipulators very difficult.
In order to resolve the difficulty in solving the forward kinematics, a few methods have been suggested such as estimating the tip position iteratively using numerical methods [4], approximating the forward kinematics with neural networks [5], using a passive serial links to measure directly the joint angles, and then measure the tip position with sensors 121.
In this paper, we propose an alternative method of implementing the impedance control for parallel-link manipulators. This method requires only the measurement of link lengths, their velocity and the force exerted by the environment, and is based on the linearization of the nonlinear dynamics under the assumption of small manipulator motions. It also changes stiffness matrix of the impedance model so that the effects of the parameter modeling errors can be nullified. This method is compared in simulations with two other impedance control 
Manjpulator Dynamics
It is known that dynamic equations of parallel-link manipulators are easier to drive in the Cartesian space than in the joint space [6] . Some forms of dynamic equations such as one suggested by Lebret [6] we similar to those for serial-link manipulators but very complex to be used in computing the control input. In this paper, the (dynamic equation suggested by Ji [7] for parallel-link manipulators is used.
where x E R6 denotes the tip position (and orientation), r E R6 denotes the force gencbrated at the joints, and Fe E R6 is the external force (and momctnt).
Deriving a control law from the nonlinear dynamics requires the measurement of the manipulator tip position. However, measuring the tip position is more difficult than measuring the lengths of the parcallel links. One way to avoid the measurement of the tip position is to use the linearized dynamics expressed in the joint space.
Let's define a function f for the linearization.
Linearizing f about an operating point (20, io) under the assumption that it is partiially differentiable, 
Impedance Control 3.1. Impedance Model
Impedance model is a relationship between the manipulator tip position and its contact force. Impedance is choisen according to robot tasks, which are often expressed in the world coordinates. Thus, the desired impedance models are in general expressed in the world coordinates. Suppose that the following impedance model in the world coordinates is desired.
MxbX + Bx6X + KxSx = bFe (4) where 6x is the difference between the actual position x and the desired position x d that is assumed to be identical to 20, i.e., In order to use the impedance model expressed in the world coordinates, the meaurement of the manipulator tip position is required. In order to avoid such measurement, the desired impedance in the world coordinates should be transformed into the desired impedance in the joint space. The transformation can done by assuming again that manipulator motions are small in size around a reference point.
From the kinematics and statics, the following relations can be derived. and where J ( . ) is the manipulator Jacobian. model in the joint space can be obtained.
By substituting Eq. 5 and Eq. 6 into Elq. 4, the impedance se = e -e, and where I-, is the torque reflected by the external force Fe so that
and the desired torque Td is also defined such that
Impedance Control Using Nonlinear Dynamics and Impedance Model
If the meaurement of the manipulator tip position can be measured, the control law to achieve the impedance model of Eq. 4 can be obtained easily. Assuming that M , is nonsingular, acceleration 2 can be removed by using Eq. 4 and Eq. 1.
radius of the base radius of the Dlatform
Note that Fe could have been removed instead of x by using Eq. 4 and Eq. 1. This would not rquire the measurement of the external force Fe; however, the control law would include a term of x, which is very difficult to measure due to noises.
Impedance-controlled systems without the measurement of the contact force are known to be slow in response.
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Impedance Control Using Linear Dynamics and Impedance Model
The control law in Eq. 9 cannot be used if the measurement of the tip position is not available and if only the link positions and velocities as well as the external force are measured. One way to implement the impedance control is to use the dynamics and the impedance model expressed in the joint space. Thus, by using the linearized dynamics (Eq. 3) and linearized impedance model (Eq. 7) in the joint space, a linear control law can be obtained.
where Equation 10 needs the measurement of the link positions and velocities, and the external force only. All the coefficients in Eq. 10 are constant, and thus can be precomputed.
Impedance Control Using Varying Stiffness and Linear Dynamics
The previous two control laws perform well as long as there's no or little uncertainty in the manipulator parameters. However, their performance deteriorates with increases of uncertainty. Especially, the control law based on the linearization exhibits unsatisfying behaviors with large errors in the parameter estimates.
In order to increase the robustness of the system to the uncertainty of the system parameters, it is suggested to change the stiffness matrix of the impedance model. Kazerooni et al.
[8] note that the manipulator response under impedance control is very much dictated by the stiffness matrix of the impedance model when it is subject to an external low-frequency force. Thus, we suggest to change the impedance stiffness matrix in Eq. 10 depending on the impedance error and its integration over time, i.e., where K,o is the stiffness matrix of the desired impedance; Gp and GI are diagonal gain matrices; and E = diag(e1, e2, . . . , e6) is an impedance error matrix.
Then, the control law becomes where The overall system block diagram including the varying stiffness impedance controller, the manipulator and the environment is shown in Fig. 2. The response of the manipulator system for each control law is shown in Fig. 3 . The "reference" denotes the case when the nonlinear control law of Eq. 9 implemented with the exact estimates of the parameters. The figure shows that the varying stiffness control of Eq. 13 performs very similarly to the reference despite the errors in the parameter estimates, and is superior to the nonlinear control law of Eq. 9 with the identical errors in the parameter estimates. Fig. 4 shows force responses of the control laws. The varying stiffness control performs again very closely to the "reference" and is superior to the other algorithms with errors in the parameter estimates, especially in terms of overshoots and duration of transient periods. 
Simulation
Performace of the control laws are compared in a series of simulations of a 6-dof parallel-link manipulator. The important manipulator parameters are shown in Table 1 . Actual parameters are used in the simulation of the manipulator dynamics and the estimates are used in computing the control laws for the effects of parametric uncertainty. Only the uncertainty in the masses are considered. In the simulation, it is assumed that the desired position is 20, The manipulator tip is initially just in contact with the environment located at [0 0 0.5 0 0 01' with respect to the center of the base. Ezich control law of Eq. 9, Eq. 10, and Eq. 13 are used to have the desired z-directional external force Figure 5 : Control input (Le., force) generated by one of the legs when varying stiffness control is used. Figure 5 shows the control input, i.e., force generated at one of the legs when the varying stiffness control is used. Large force is generated in the beginning of the motion when the large acceleration is required. The varying stiffness also becomes very large at this moment. Figure 6 indicates that the varying stiffness initially becomes very large and negative for some time. Such large negative stiffness in the beginning results in generating larger force than the one computed based on the impedance model. This large force is needed to compensate the underestimated masses of the manipulator. Even though the control performance is robust, it is noted that the size of gain Gp influences the manipulator performace.
Simulations results show that the manipulator performs well when the gain is set to be inversly proportional to the desired force. Gain GI is to remove the steady state impedance error.
Conclusions
An impedance control algorithm based on the linearized dynamics and the varying stiffness of the impedance model is suggested. In simulations, it is shown that this control algorithm is superior to the impedance control algorithm based on the nonlinear dynamics when parameter estimation errors exist. More work is to be done in selecting the optimal impedance error gains of the controller depending on manipulator tasks.
